ABSTRACT pET and similar vectors are widely used for efficient gene expression in Escherichia coli and subsequent protein purification, often by means of a C-terminal histidine (His) tag. We found that the TGA translation termination signal following the His-tag sequence in pET constructs gives rise to a significant fraction of read-through protein extended by 21 amino acids. Mass spectrometry indicated that tryptophan is inserted at the UGA (opal) stop codon in the ex
INTRODUCTION
T7 promoter-based gene expression (18, 21, 22) combined with affinity chromatography (23) is the current strategy of choice for highly efficient production and purification of recombinant proteins using Escherichia coli . Suitable expression vectors, such as the frequently utilized and commercially available pET series (Novagen, Madison, WI, USA), often encode a hexapeptide tag consisting of six consecutive histidine (His) residues fused to the C terminus of the protein of interest. (His) 6 -tagged proteins can usually be purified in a single step by affinity chromatography on a matrix containing chelated Ni 2+ ions (23) .
We have successfully overexpressed a variety of genes in our laboratory using the pET system and purified the corresponding proteins with the aid of a C-terminal His tag. Among these were genes for two structurally unrelated chorismate mutases (CMs) from E. coli and Bacillus subtilis (12) . Unexpectedly, we found that both preparations of the enzymes contained a significant fraction of a contaminating protein with a larger molecular weight. We then set out to identify the contaminants using the method of matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) (14, 20) . Our discovery of a systematic heterogeneity in the protein preparations caused by some improperly designed expression systems has important general implications on gene expression strategies.
MATERIALS AND METHODS

Bacterial Strains, Plasmids and Oligonucleotides
Routine cloning was done in E. coli strain XL1-Blue (Stratagene, La Jolla, CA, USA). All other E. colistrains used carry a chromosomally integrated, isopropyl β -D -thiogalactopyranoside (IPTG)-inducible gene for T7 RNA polymerase (21) . Strains HMS174 (DE3) and BL21(DE3) were obtained from Novagen. KA13 was constructed by site-specific integration of λ DE3 prophage into the chromosome of strain KA12 (9,10) using the λ DE3 Lysogenization Kit (Novagen). Vector pET-22b(+) was also from Novagen. pKSS was constructed in this laboratory (8) . The detailed structure of plasmids pET-EcCM and pKET4-W is irrelevant to this work and will be described elsewhere. Importantly, they contain, respectively, a 3 ′ -truncated pheAgene from E. coli and the entire aroHfrom B. subtilis inserted between the Nde I and Xho I sites and Nde I and Eag I sites of vector pET-22b(+). The initial Met codons of the CM genes overlap with the Nde I site, and the protein's C termini are fused in-frame to the (His) 6 
Construction of pATCH1
A polymerase chain reaction (PCR) fragment was generated on template pET-22b(+) with 0.5 µ M of oligonucleotides PATX and 22S-B using pfu DNA Polymerase (Stratagene). The PCR consisted of initial denaturation (4 min at 94°C), 25 amplification cycles (1 min at 94°C, 1 min at 50°C and 2 min at 72°C) and a final extension (5 min at 72°C). The 457-bp PCR product was purified with the QIAquick ™PCR Kit (Qiagen GmbH, Hilden, Germany), digested with Xho I-Dra III, and the gelpurified 420-bp Xho I-Dra III fragment was ligated to the gel-purified 2443-bp Xho I-Dra III fragment of pKSS ( caveat : Dra III is prone to star activity). The DNA sequence of the 420-bp Xho IDra III fragment in pATCH1 was confirmed using primers 22S-B and M13-Rev to verify the absence of possible PCR-introduced mutations. All DNA manipulations were carried out according to standard procedures (19) and using enzymes from New England Biolabs (Beverly, MA, USA).
Cell Culturing and Isolation of Chorismate Mutase Protein
For each sample, 40 mL LB medium containing 150 µ g/mL sodium ampicillin were inoculated with a single colony of the relevant transformed strain, incubated under good aeration at 37°C to an optical density (OD) 600 of 0.8 ( ± 0.1) and then induced with 0.4 . The His-tag/stop-codon sequence can easily be moved as an Xho I-Dra III fragment. All other features of pATCH1 are as described in detail for its parent plasmid pKSS (8) . The GenBank ® Accession Number for pATCH1 is AF013597 (1). mM IPTG. After 5 h at 37°C, the cells were harvested, lysed by sonication, and 25% of the soluble protein fraction was mixed with 100 µ L Ni-NT A ™ agarose (Qiagen GmbH) in a total volume of 1 mL for 5 min at room temperature. The resin was washed 4 times with 1 mL 40 mM imidazole (in 10 mM sodium phosphate buffer, pH 7.5, 160 mM NaCl) followed by elution of the purified proteins with 100 µ L of 500 mM imidazole in the same buffer.
Protein Gel Electrophoresis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed with the PhastSystem™ and on 20% homogeneous gels (Amersham Pharmacia Biotech, Uppsala, Sweden). Gels were stained with a Coomassie ® Brilliant Blue R 350 dye. The broad-range protein standard from Bio-Rad (Hercules, CA, USA) was used as the molecular weight marker.
Sample Preparation for Mass Spectrometry
Proteins to be submitted for MALDI-MS were prepared as described above and subsequently desalted on a NAP ™-5 column (Amersham Pharmacia Biotech), which was equilibrated and eluted with 1% aqueous acetic acid. One MALDI-MS measurement required less than 0.5 µ g of protein (at 0.1 mg/mL). MALDI-MS was performed by The Scripps Mass Spectrometry Laboratory on a Voyager ™-Elite Mass Spectrometer with delayed extraction (PerSeptive Biosystems, Framingham, MA, USA).
RESULTS AND DISCUSSION
Heterogeneous Protein Preparations from the pET System
To characterize mechanistic and structural aspects of CMs (9,10,13), we have overexpressed a truncated pheA gene from E. coli and the aroH gene from B. subtilis , each encoding a monofunctional CM [termed EcCM (13) and BsCM (10), respectively]. A His tag was fused to the C termini of both CMs by inserting their genes into the appropriate sites of vector pET-22b(+) yielding plasmids pET-EcCM (for EcCM) and pKET4-W (for BsCM). When analyzing purified protein from the T7 RNA polymerase-producing E. coli strain KA13 by SDS-PAGE, we noticed that both preparations of the two structurally distinct CMs contained a contaminating protein whose molecular mass was 2-4 kDa higher (Figure 1 ). This contaminant could not be separated (data not shown) from the expected CM bands by anion exchange (9) or His-tag affinity chromatography and constituted 2% (BsCM) to 5% (EcCM) of the purified protein sample. As shown in Figure 1 , the additional protein band was not only present in preparations from KA13 but also from the commonly used E. coliK-12 and B strains HMS174(DE3) and BL21(DE3), respectively. No such contamination was observed when aroHwas expressed in pET-22b(+) using its native TAA (ochre) stop codon (i.e., using plasmid pKET3-W without translational fusion to the sequence encoding the His tag; data not shown).
This observation prompted us to examine translational read-through at the stop codon following the His-tag sequence in the pET vectors (Figure 2A ). Most pET vectors encoding a C-terminal His-tag fusion possess a single TGA (opal) termination codon at this location (Novagen). None of the strains that we tested carry opal suppressor tRNAs 792BioTechniques (4), but two natural E. coli tRNAs are known to decode opal stop codons (16) . By using a dedicated translation apparatus, the special tRNA Sec efficiently and co-translationally inserts the "21st amino acid" selenocysteine if the UGA codon is followed by a distinct mRNA stem-loop structure (2) . Computer-assisted examination of the sequence in the pET vectors following the TGA codon revealed the possibility of a stable (-15.3 kcal/mol) RNA stem-loop structure (Figure 2A ), but it lacks essential features of the selenocysteine incorporation signal (5) . The natural tRNA Trp (normal codon UGG) can decode UGA with tryptophan with efficiencies of up to 3% (4,6); in fact, various biological processes rely on such "leaky" termination at opal codons, as first reported for E. coliphage Q β (7, 15, 24) . The presence of the stemloop structure and a purine base (G; Figure 2A ) 3 ′ to the TGA may even enhance tRNA Trp -mediated translational read-through (3, 11) .
Mass Spectrometric Analysis Indicates Translational ReadThrough after Trp Insertion
Analysis of an EcCM protein preparation from strain KA13 by MALDI-MS (14, 20) yielded a mass for the extended polypeptide consistent only with the insertion of a tryptophan residue at the stop codon ( Figure 3A) . As reported earlier for BsCM (9) and shown here for EcCM, a variable fraction of the protein produced under our high-level gene expression conditions has its amino-terminal methionine removed. For each of these two expected EcCM species, an additional mass peak with a 2221 Da higher molecular mass ( ± 0.1% error of MALDI-MS) was observed ( Figure 3A) . The additional mass can be explained with a C-terminal extension of EcCM by the peptide sequence WDPAANKARKEAELAA-ATAEQ (Figure 2A ) if the TGA triplet following the His-tag sequence is decoded as tryptophan (calculated mass increase: +2223.5 Da).
A statistical analysis of about half of the E. coli genome has previously revealed that the use of stop codons and the base on their 3 ′ side is strongly biased in highly expressed genes (17) .
The tetranucleotide TGAG present in the pET vector examined here is particularly underrepresented in that set of genes. After discovering this bias, Poole et al. measured termination efficiencies of all possible combinations of stop codons and 3 ′ nucleotides in competition with +1 frameshifting (17) . In the rather specific sequence context of their in vivo assay, TGAG was found to permit significant translational frameshifting, but read-through was not apparent. In contrast to those results, no signals compatible with frameshifting before the stop codon were observed in our highly resolving MALDI-MS experiments.
Correction of Inefficient Translation Termination
We then set out to correct the problem of heterogeneous protein production due to partial read-through at the TGA codon of the pET vectors. Plasmid pATCH1 (Figure 2 ) was designed to serve as the donor of a DNA fragment to replace the leaky opal codon in the relevant pET constructs. pATCH1 is based on the cloning vector pKSS (8) and features a 420-bp Xho I-Dra III fragment encoding the (His) 6 tag followed by three stop codons (two TAA in tandem and a TGA) to ensure efficient translation termination. The tetranucleotide TAAT introduced at the position of the desired termination site corresponds to the statistically mostfavored translational stop signal of highly expressed genes (17) . Furthermore, it was shown to minimize frameshifting and allow for the fastest release factor selection rates of all stop signals in vivo (17) . An Spe I and a Pvu II site were added to allow for easy identification of correct clones and, if desired, for subsequent transfer of any target gene together with its His-tag sequence ( Figure 2) .
To prove the effectiveness of the pATCH1 substitution sequence, we replaced the 404-bp Xho I-Dra III fragments of the pET-22b(+)-based overproduction plasmids pET-EcCM and pKET4-W with the corresponding 420-bp fragment from pATCH1. The resulting plasmids pET-EcCM-pATCH and pET-BsCM-pATCH were introduced into host strains KA13, HMS174(DE3) and BL21(DE3) and the isolated CM proteins analyzed by SDS-PAGE (Figure 1) . In each case, the protein bands corresponding to the read-through polypeptides were fully eliminated by the introduction of the pATCH1 fragments. This is further confirmed by a MALDI-MS experiment with EcCM isolated from KA13/pET-EcCMpATCH, which shows the absence of the additional mass peaks corresponding to the read-through products (Figure 3B) . These stop-codon substitution experiments provide clear functional evidence for the proposed protein elongation by UGA read-through.
CONCLUSIONS
Read-through at a UGA codon by insertion of a Trp residue, rather than translational frameshifting, was found to be responsible for the generation of improperly terminated polypeptides in the gene expression system studied. By replacing the pET sequences responsible for this read-through with the newly designed fragment from pATCH1, we present a convenient, efficient and error-proof strategy to repair individual pET (or similar) vectors or the many already existing pET-based expression constructs. Alternatively, the inefficient stop signal identified in this work may be directly replaced using custommade oligonucleotides and PCR with subsequent sequence verification, as detailed in Materials and Methods. The avoidance of inherent heterogeneity in protein preparations is crucial to a variety of biochemical and biophysical studies, including protein crystallization and fluorescence experiments in which the spurious presence of even a single additional tryptophan residue can have dramatic consequences. Everyone involved in protein production in E. coli should be aware of our observation and, if necessary, use constructs with tight stop codons or "upgrade" affected pET and similar gene expression systems using the strategies discussed in this report.
